Abstract. Radiotherapy is widely used in cancer treatment and biological studies. Multiple mechanisms induced by radiation, especially changes of the expression profile of genes, lead to the disruption of cellular homeostasis. MicroRNAs (miRNAs) are important post-transcriptional gene regulators and play an important role in response to cellular stress. Here we investigated the profiles of miRNA expression following exposure to radiation and the possible role of miRNAs in the modulation of radiosensitivity in the glioblastoma multiform U87MG cell line. MiRNA expression profiles revealed a limited set of miRNAs with altered expression in U87MG cells in response to radiation treatment. MiR-181a, a member of miR-181 family, was one of the down-regulated miRNAs, whose expression was further validated by qRT-PCR. The target mRNAs of radiation-responsive miRNAs were predicted with a target prediction tool. Transiently overexpressed miR-181a significantly sensitized malignant glioma cells to radiation treatment concurrent with the downregulation of the protein Bcl-2 (B cell lymphoma/lewkmia-2). It indicates that miR-181a may modulate radiosensitivity by targeting Bcl-2 in human malignant glioma cells. These data suggest that radiation can affect miRNA expression, which regulates the cellular response, and miR-181a could be a target for enhancing the effect of radiation treatment on malignant glioma cells.
Introduction
Glioblastoma multiform (GBM), a poorly differentiated brain tumor, is typically refractory to conventional treatment. Radiotherapy, with or without surgery, is the cornerstone of the treatment plan for this tumor. However, the radiotherapeutic efficiency is often limited by the occurrence of radioresistance, reflected as a diminished susceptibility of the irradiated cells to undergo apoptosis (1) . As a result, this therapeutic strategy can not substantially improve the survival rate .
With the understanding of the molecular biology of brain tumors, it has been recognized that development of radioresistance is related to changes of tumor environment and the dysregulation of certain genes, including some genes involved in a variety of cell signaling pathways as well as oncogenes and tumor suppressor genes.
MicroRNAs (miRNAs) are short non-coding RNA molecules that post-transcriptionally regulate gene expression. MiRNAs bind to the 3' UTR of an mRNA and either represses its translation or result in the degradation of the target mRNA (2) . Only a few studies have been performed to determine the roles of miRNAs in radiation response. MiR-34 is transcriptionally activated by P53 in response to DNA damage, directly down-regulates the mRNA targets involved in cell cycle progression (3) . Exposure to 2.5 Gy of X-rays leads to a significant increase of miR-34a in the spleen tissue of mice (4) . Caenorhabditis elegans with loss-of-function mutations in the miR-34 gene have an abnormal cellular survival response to radiation and in vitro in breast cancer cells exogenous addition of miR-34 alters cell survival post-radiation (5) . Let-7 family of miRNAs are down-regulated except let-7g which is up-regulated in response to radiation treatment and activates cell survival pathways for radioresistance such as the Ras pathway in lung cancer cells (6) . Other studies also demonstrate some miRNA targeting genes involved in radio-responsive mechanisms such as miR-521 (7), miR-579, 608, 548-3p and 585 (8) .
Ionizing radiation activates various survival and death signaling pathways. Radiation therapy works by triggering apoptosis in cancer cells (9) . In this study, we investigated the miRNA profiles of U87MG and U87MG post-radiation and found miR-181a was one of the down-regulated miRNAs after irradiation. Target prediction for miR-181a suggests that Bcl-2 is one of its targets. There is ample evidence that Bcl-2 overexpression has an association with the resistance to conventional radiation and chemotherapeutic agents (10-15). However, the role of miRNAs and how they integrate into the 
Materials and methods
Cell culture. The GBM cell line U87MG was routinely cultured in EMEM medium (Invitrogen, Carlsbad, CA, USA) supplemented with 2% (w/v) L-glutamine, 10% (v/v) fetal calf serum (Gibco BRL, Grand Island, NY), 100 U/ml penicillin and 100 μg/ml streptomycin in a humidified atmosphere containing 5% CO 2 at 37˚C. Monolayer cells in plates were placed 100 cm from the source. Cells were seeded in 96-well plates at a density of 2,000 cells/well, followed by irradiation on day 2. On day 6, radiation sensitivity of U87MG cells was assessed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay. The absorbance at 490 nm of each well was read on a microplate spectrophotometer (Bio-Rad, Hercules, CA, USA). The radiation dose producing 50% inhibition of cell growth was estimated by the relative survival curve.
Irradiation planning and delivery. External beam irradiation was delivered on the linear accelerator with a 6 MV photon beam. A 40x40 cm field size was utilized and the dishes with monolayer cells were placed 100 cm from the source. The radiation was given with conventional fractionation (2 Gy/ day, 5 d/wk) in one direction as the treatment given to a planning target volume of patients with malignant glioma (16) . Cells were irradiated to the appropriate radiation dose, which produced 50% inhibition of growth in U87MG cells.
MiRNA microarray analysis. The irradiated cells were then maintained for 4 h before extracting total RNA with TRIzol ® reagent (Invitrogen) according to the manufacturer's protocol. The concentration of total RNA was quantified by measuring the absorbance at 260 nm. MiRNA fraction was further purified using a mirVana™ miRNA isolation kit (Ambion, Austin, TX). The isolated miRNAs from U87MG and U87MG post-radiation were then labeled with Hy3 using the miRCURY™ Array Labelling kit (Exiqon, Vedbaek, Denmark) and hybridized respectively on a miRCURY™ LNA microRNA Array (V 8.1, Exiqon) after the concentration of labeled samples (17) . The Genepix 4000B scanner (Axon Instruments, Union City, CA) was used to acquire the microarray images at the 635 nm laser. Data were analyzed with Genepix Pro 6.0 (Axon Instruments).
Quantitative real-time PCR (qRT-PCR) analysis for miRNA.
Cell irradiation and RNA preparation were as described above. The concentration and purity of the RNA samples were determined spectroscopically. Expression of mature miRNA was assayed using stem-loop reverse transcription followed by real-time PCR analysis (18) . cDNA was synthesized according to the protocol of the reverse transcription system (Promega, Madison, WI, USA). The SYBR and U6 gene were used for detecting gene amplification and normalizing each sample, respectively. The primers used for stem-loop qRT-PCR for miR-181a and U6 snRNA are listed in Table II . The real-time PCR reactions were performed on a 7500 Fast System Real-Time PCR cycler (Applied Biosystems, Foster City, CA), according to the manufacturer's instructions. The fold-change of each miRNA from U87MG post-radiation cells relative to U87MG was calculated using the 2 -ΔΔCt Method (19) , where ΔΔCt = ΔCt U87MG 4 h post-radiationΔCt U87MG and ΔCt = Ct miRNA-Ct U6 snRNA.
Transient transfection and Western blot analysis.
Cells were plated in 6-well plates (8x10 5 cells/well) and transfected with 100 nM of miR-181a mimic or 100 nM control mimic using Lipofectamine 2000 (Invitrogen, Long Island, NY, USA) according to the manufacturer's protocol after 16 h incubation. The miR-181a mimic and control miRNA mimic were chemically synthesized by Shanghai GenePharma Company (Shanghai, China). Cells were fed fresh medium 6 h post-transfection. At 24, 48 and 72 h respectively, cells were harvested and homogenized with lysis buffer. Total protein was separated by denaturing 12% SDS-polyacrylamide gel electrophoresis. Western blot analysis was performed as described (20) . The primary antibodies for Bcl-2 and ß-actin were purchased from Santa Cruz Biotechnology. Protein levels were normalized to ß-actin. Fold changes were determined.
Cell proliferation assay. Cells were plated at 80% confluence at the time of transfection. The miR-181a mimic (100 nM) or control mimic (100 nM) were transfected using Lipofectamine 2000 in serum-free medium for 6 h. Twenty-four hours later, cells were trypsinized and seeded into 96-well culture plates at a density of 2000 cells/well in growth medium supplemented with 10% serum, which were divided into two groups. After the cells were attached, one group without irradiation, the other one was irradiated with the dose producing 50% inhibition of cell growth. Then both were cultured in a humidified chamber at 37˚C. Each day for seven consecutive days, viable cells were identified using the MTT assay. MTT (20 μl) (5 mg/ml) was added to each well, followed by incubation for 4 h at 37˚C. The supernatants were aspirated and the reaction was terminated by adding 100 μl DMSO. The contents of the plates were mixed for 10 min and the absorbance was read at 490 nm.
Soft agar colony formation assay. Anchorage-independent growth was assessed by monitoring colony formation in soft agar. First, 0.6% agarose in growth medium was added to a 6-well plate and allowed to solidify. Then, 500 cells transfected with miR-181a mimic or control mimic per well were plated in triplicate in 0.3% agarose onto the bottom agarose. One hour later, cells were exposed to 0, 2, 5 Gy radiation. The cells were incubated at 37˚C in a 5% CO 2 atmosphere for 3 weeks. Fresh growth medium (1 ml/well) was added after 1 and 2 weeks of incubation. Only colonies containing >50 cells were counted under a microscope.
Statistical analysis. Each experiment was repeated at least 3 times. The difference between means was analyzed with the Student's t-test. All statistical analyses were performed using SPSS11.0 software (Chicago, IL). Differences were considered significant at P<0.05.
Results

Radiosensitivity.
In vitro experiments revealed the radiosensitivity of U87MG cells. According to the relative survival curve (Fig. 1A) and the fitting curve analysis (Fig. 1B) , radiation dose of 18.8 Gy produced 50% inhibition of growth in U87MG cells.
MiRNA expression profiles.
To monitor the expression profiles of miRNAs following radiation treatment, we employed a microarray covering 96% human miRNAs of Sanger miRBase V 9.1. The radiation dose of 18.8 Gy, which produced 50% inhibition of growth was delivered to U87MG cells according to the plan described. The concentration of total RNA extraction was 1217.99 ng/μl (radiation-treated U87MG cells) and 1972.88 ng/μl (control U87MG cells) with the value of OD 260 /OD 280 1.97 and 1.98 respectively. MiRNA microarray identified 21 miRNAs as differentiallyexpressed: 13 miRNAs up-regulated (defined as a ≥2.0-fold increase) and 8 down-regulated (defined as a ≥2.0-fold decrease) (Table I) .
Quantitative real-time PCR assay. Among the differentiallyexpressed miRNAs, miR-181a was down-regulated 2.68-fold in response to radiation treatment. The irradiation process was repeated and the RNA was extracted for the qRT-PCR. Although the expression of several altered miRNAs showed Table I . MiRNAs changed >2-fold after irradiation. 
-----------------------------------------------------------------------------------------------------
Significance was analyzed using Student's t-test. All values have a significance of P<0.05. miR * is the complementary strand of the corresponding miR. Figure 1 . In vitro sensitivity of U87MG cells to radiation. Cells were seeded in 96-well plates at a density of 2,000 cells/well, followed by irradiation on day 2. some variability, miR-181a showed a 2.12-fold decrease which matched the result of the microarray (Fig. 2A) .
Exogenous miR-181a expression down-regulates Bcl-2 and modulates radiosensitivity. TargetScanHuman 5.1 (http://www. targetscan.org) was used for prediction of miR-181a target genes. The sequence alignment of human miR-181a with different species of Bcl-2 3'UTR is conserved, which indicates that Bcl-2 is one of the potential targets of miR-181a. Since Bcl-2 is a pro-survival protein, we hypothesized that miR-181a might sensitize U87MG cells to radiotherapy by repressing the Bcl-2 protein expression. In miR-181a mimic-treated U87MG cells, Bcl-2 was significantly decreased 72 h after transfection ( Fig. 2B and C) , suggesting that up-regulation of miR-181a resulted in decrease of Bcl-2 protein.
MiR-181a was down-regulated in response to radiation, so we hypothesized that overexpression of miR-181a could alter radiation response. First, we evaluated the potential effect of miR-181a overexpression on U87MG cell growth and survival without irradiation in vitro. The results from cell proliferation assays and soft agar colony formation assays showed that there were no significant decrease in the cell growth rate (Fig. 3A) and the potential of anchorage-independent growth (Fig. 4) in miR-181a overexpressed U87MG compared with the cells transfected with control mimic. Then in the other group, cells also transfected with miR-181a mimic or control mimic were exposed to radiation. The results from MTT assays showed that after 18.8 Gy irradiation, the cell growth rate was significantly reduced in miR-181a overexpressed cells (Fig. 3B) . Colony formation assays demonstrated similar radiation effects (Fig. 4) . Control U87MG presented radioresistance at 2 Gy irradiation. Conversely, U87MG transfected with the miR-181a mimic had significant lower colony formation ability after 2 Gy irradiation. When cells were subjected to a higher irradiation dose (5 Gy), the miR-181a mimic-treated U87MG was significantly more sensitive to radiation compared to the control. These results suggest that miR-181a sensitizes U87MG cells to radiotherapy.
Discussion
Radiation therapy is routinely prescribed for high-grade malignant gliomas. However, the occurrence of radioresistance often affects the therapeutic efficacy and the disease recur after initial treatment in most cases. The gene expression pattern and molecular response of malignant glioma cells to radiation inhibit the undergoing apoptosis and contribute to the development of radioresistance (21) . But the genetic response necessary for tumors to survive radiationinduced injury remains largely unknown.
MiRNAs regulate protein expression by cleaving or repressing the translation of target mRNAs. Evidence from Table II . Quantitative real-time PCR primers for U6 snRNA and miR-181a.
Hsa-miR-181a F primer 5'-GCUGUCGGUGAGCTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGACTCACCG-3' R primer 5'-ACACTCCAGCTGGGAACATTCAACGCTGTCG-3' -----------------------------------------------------------------------------------------------------Figure 2 . Identification of the radiation responsive miR-181a and its target protein. (A) Quantitative real-time PCR assay. RNA extracts of U87MG cells post-radiation and control cells were analyzed by quantitative RT-PCR to confirm the expression of miR-181a. Data are expressed as percentage of U6 content. MiR-181a expression was 2.12-fold decreased in response to radiation (P<0.05). (B) Western blot analysis of the predicted target of miR181a in U87MG cells. Twenty-four, 48 and 72 h post-transfection of miR181a mimic or control mimic, whole cell lysates were prepared and samples subjected to Western blot analysis for Bcl-2, and ß-actin was used as a loading control. (C) Quantified Western blot analysis of miR-521 predicted Bcl-2 as target. The relative Bcl-2 protein levels were estimated using densitometry by Image J and normalized to ß-actin. Bcl-2 was significantly decreased 72 h after transfection ( * P<0.05).
recent studies shows the relationship between miRNAs and the radioresistance. So the miRNAs are potential targets of our interest, and biomarkers of outcome. However, little is known about how they affect the response of a tumor to this cytotoxic treatment.
To determine whether miRNAs were involved in the cellular response to radiotherapy in malignant glioma, miRNA microarrays were used to compare the relative levels of cellular miRNAs before and after irradiation. We selected the GBM cell line U87MG which is a relatively radioresistant cell line, in which apoptosis is not triggered until 72 h (1) . First, radiosensitivity was tested to determine the radiation dose. Then irradiation was delivered with conventional fractionation, simulating the clinical radiation treatment plan delivered to patients with malignant glioma (16) and one beam direction only was used rather than the typical five in clinical practice. Four hours after the whole procedure of the irradiation, total RNA was extracted and subjected to the microarray assay. Most miRNAs did not show strong response in expression except 13 miRNAs were up-regulated and 8 down-regulated. These findings suggest that the miRNAs are involved in the cellular response of U87MG to radiation insult. Of the 21 miRNAs with changed expression after irradiation, several have been reported to be associated with radiosensitivity. Let-7g level is increased in response to radiation in human lung cancer cell line A549 and its overexpression causes significant radioprotection in the cells (6) . MiR-521 level is significantly decreased in prostate cancer cell lines after irradiation. Ectopic miR-521 expression represses its predicted target protein CSA (Cockayne syndrome protein A) and enhances the radiosensitivity of the prostate cancer cells (7) . Expression changes respond to radiation of miR-22 (22) , 379 (7), 548 (8) also have been reported recently. These findings prompted us to test the hypothesis that altering one or several miRNAs could be an efficacious method to alter the cellular radiosensitivy in malignant glioma.
QRT-PCR was used to confirm the expression changes of several radiation-responsive miRNAs. The downregulation of miR-181a was confirmed as a >2-fold change. Then the targets of this radiation-responsive miRNA were predicted using TargetScanHuman 5.1. More than 1,000 potential target genes were predicted, and we chose several proteins having functions related to apoptosis, cell cycle control, and DNA damage and repair. Bcl-2 was one of the candidates.
Bcl-2 is an important member of a protein family composed of regulators of programmed cell death in both normal and abnormal cells. It is a pro-survival protein that regulates apoptosis by preventing the release of pro-apoptotic factors from mitochondria (e.g. cytochrome c) and subsequent activation of a caspase cascade (14, 23, 24) . In vitro, exposure of cancer cells to radiation resulted in the up-regulation of Bcl-2, indicating these cells were attempting to adapt to the harmful environment (21, 25, 26) . Bcl-2 expression can result in the development of radiation-resistant cancers. It has been reported that down-regulation of PTEN results in upregulation of Akt and Bcl-2, thus illustrating the possible cross-talk between the Bcl-2 and PI3K/Akt pathway (27) .
These findings accompanied by the target prediction outcome above made us believe that there might be a vital molecular link between miR-181a and Bcl-2. Compared with control miRNA mimic, up-regulation of miR-181a by transfection with the miR-181a mimic resulted in the downregulation of Bcl-2 protein, concurrent with the enhanced effect of radiation treatment on malignant glioma cells U87MG. These data suggested that miR-181a modulated radiosensitivity by targeting Bcl-2 in U87MG.
Although miR-181a is a modulator of radiosensitivity in glioma, the understanding of miR-181a is still fragmented. Bcl-2 may be just one of its targets. It is very possible that miR-181a is also involved in other molecular networks which disrupt the pro-survival signaling pathways.
In summary, our findings have demonstrated that a set of human miRNAs show significant expression changes in response to radiation, among which miR-181a is downregulated. It modulates the expression levels of Bcl-2 and plays an important role in modulating radiosensitivity of the malignant cell line U87MG. Thus miR-181a can be a potential target for enhancing the effect of radiotherapy on malignant glioma.
